Spatially and spectrally resolved cathodoluminescence (CL) studies performed in a scanning electron microscope (SEM) or a scanning transmission electron microscope (STEM) are widely applied to determine the luminescence spectrum, map the optical activity and reveal defects in semiconductor structures. It is commonly recognized that the CL signal represents the local properties of the structure region excited by the electron beam. The present investigations show that if the structure under study contains regions with a strong electric field (e.g. p-n junction), the CL signal may much depend on phenomena far from the excitation region. The range of CL-results distortion extends from negligible changes to completely wrong output. It depends on various parameters described in the paper. The CL results obtained for AlGaAs/ GaAs laser heterostructures with InGaAs quantum well are presented.
Introduction
Spatially and spectrally resolved cathodoluminescence (CL) studies performed in a scanning electron microscope (SEM) or a scanning transmission electron microscope (STEM) are widely applied to determine the luminescence spectrum, map the optical activity and reveal defects in semiconductor structures. It is commonly recognized that the CL signal represents the local properties of the structure region excited by the electron beam. The present investigations aim to show that if the structure under investigation contains regions of a strong electric field (e.g. p-n junction), the CL signal may much depend on phenomena far from the excitation region.
The electron beam generates electron-hole (e-h) pairs in semiconductors. These pairs can diffuse randomly and recombine radiatively or nonradiatively. The photons emitted in the former case can be detected by a CL detector in a SEM or STEM microscope. The pairs would annihilate until all the excess carriers were eliminated. However, if an e-h pair is generated in or diffuses to a region of a strong electric field (e.g. the depletion region of a p-n junction), the electron and the hole may get separated. If both sides of the junction are connected by an external electric circuit, the electron beam induced current (EBIC, I EBIC ) flows in this circuit.
The generation and outflow of EBIC current and the local recombination of e-h pairs are competing processes. Any e-h pair that recombines does not generate EBIC. On the other hand the separated pair that produces EBIC does not recombine at the e-beam placement. Thus, along with the EBIC increase the CL decreases.
But even if an external circuit does not exist (or is open), as typical in CL measurements, or a resistance load in the external circuit is significant, the e-h pair separation causes a forward bias between both sides of the junction. Because the e-beam spot is small, in the range of nanometers or micrometers, the e-beam in CL measurements excites only a small portion of the junction. The rest of the semiconductor structure constitutes the nonlinear resistance parallel to the region of EBIC generation and also parallel to the external circuit (if it exists). Therefore, even without an external circuit the rest of the structure constitutes an internal load for the I EBIC current source.
This current always (even in the case of open-circuit configuration, i.e. without an external circuit) flows laterally from the place of the e-beam excitation through internal resistances (e.g. through resistive layers) towards the load, especially to the parts of the junction with higher conductivity. Thus, I EBIC magnitude depends on phenomena present far from the excitation region, e.g. on the occurrence of defects and shunts. To sum up, the CL signal depends on non-local effects. [1] [2] [3] [4] Dependence of I EBIC measured in an external circuit on the external load resistance is shown in Fig. 1 . 5) Not each increase of the resistance leads to I EBIC reduction and to CL increase. For each structure the total resistance R T in the circuit can be defined as an equivalent resistance of all resistances (in internal and external circuits) connected to the source of the e-beam generated voltage. For low R T the I EBIC value is directly proportional to the e-beam current (I beam ), i.e. I EBIC =I beam ratio is constant.
On the contrary, when R T is very high, I EBIC is very low, and CL is also almost independent of resistances. Beside these two cases of low and very high R T values, the CL intensity depends on R T components. In this R T range, for a constant R T and a sufficient I beam , I EBIC increases sublinearly with the increasing I beam . Such I EBIC dependence occurs because the potential drop on the overall load, i.e. the product I EBIC Â R T , cannot increase above the finite value of the open-circuit voltage. It is similar to the photovoltaic effect in a photodiode. Also the power dissipated in the structure by this current cannot surpass the power of electrons accelerated by an electron gun.
If resistance in the external circuit is very low, EBIC in the internal circuit is negligible. When the load resistance in the external circuit enlarges, EBIC in the internal circuit increases as well. In an open-circuit configuration, the whole EBIC flows internally. Internal resistances are usually significant, therefore the internal EBIC flow is smaller than the one measured in a short-circuit configuration, but it also suppresses CL. For example, CL measurements performed for structures with gold deposited on their facets (which represents a shunt short-circuiting p-n junction), show strong quenching of the CL signal generated in a quantum well, in comparison with the structures without gold.
CL measurements have been often performed for semiconductor structures linked to an external electrical circuit. Sometimes the same specimens have been also analyzed by means of the EBIC technique. 6, 7) However, even if the CL spatial distribution was in previous articles somehow connected with the doping distribution or the impurity aggregation, it was related only to the local features in the close neighborhood of the pair-generation region. These local features were recombination lifetimes, densities of defects and impurities (e.g. deep levels, carrier traps, compositional inhomogeneities), local strains, etc. [8] [9] [10] [11] An impact of longrange or non-local effects on CL measurements has not been analyzed yet in works of other authors. It means that the nonlocal effects may have large impact on the CL signal while it is not recognized in investigations.
Such effects can be observed in many different CL measurements. The present authors discussed it in the works where the CL dependence on layer resistance was utilized for the measurement of thin-layer sheet resistance. 1, 4) The CL dependence on an e-beam current was also applied in the investigation of laser diode degradation, 2) and for a significant improvement of the detection of defects in semiconductor structures.
3)
Experimental Procedure
In the present paper the CL results were obtained for AlGaAs/GaAs separate confinement heterostructure single quantum well (SCH SQW) ridge waveguide semiconductor laser structures with InGaAs quantum well (QW). The structures, manufactured with Molecular Beam Epitaxy (MBE), were designed for a reliable high power continuous wave (CW) operation at the wavelength of 980 nm. The structures were grown on (100) GaAs conductive substrates with the sequence of layers as follows: n þ -type GaAs buffer, n-type emitter AlGaAs:Si, the active layer of 8 nm InGaAs quantum well embedded in the middle of two undoped GaAs waveguides 300 nm thick, p-type emitter AlGaAs:Be, and low resistivity GaAs:Be p þ sub-contact cap layer.
12)
An overflow of the laser current outside the narrow lasing region is reduced by the formation of a mesa. The thinning (etching) of the p-AlGaAs cladding on both sides of the mesa increases its resistance so that the etched regions become the lateral confinements. The mesa is covered by metallisation, which produces an ohmic contact to the thin p+ sub-contact layer. The second ohmic contact is on the structure backside. The semiconductor layers of the mesa and outside the mesa are shown in Fig. 2(a) . The corresponding electrical diagram related to the e-beam excitement in the region outside the mesa (as performed for the investigated structures, with CL results presented in Figs. 3 and 4) is seen in Fig. 2(b) . This diagram presents the internal and external current loops in the structure with schematically drawn: the source of EBIC current, lateral (linear) internal resistances of the upper (cladding) layer (R s ), non-linear internal resistances of the p-n junction (R j ) and the resistance in an external circuit (R e ). Only lateral resistances of thinned upper p-type cladding (in the lateral confinement region) are marked, because in this structure they are much larger than resistances of the thick n-type (bottom) layers. For the CL results shown in Fig. 4 the e-beam was placed at the mesa region.
The MonoCL2 (Oxford Instruments) system in Philips XL30 SEM with LaB 6 electron gun was used for the CL detection. All CL spectra were taken from a small area of specimen. The CL spatial distribution was approximately uniform across the whole surface. Once the measured area was selected, there were no stage or probe (i.e. scanned area) movements until all CL spectra were registered.
Results and Discussion
An impact of non-local effects is clearly visible considering a wide spectrum of the CL signal containing several peaks, which correspond to the emission of the CL signal from different layers. Figure 3 (a) shows a spectrum measured in the wavelength range 600-1100 nm for various I beam .
The CL peaks at 705, 870 and 980 nm correspond respectively to the excitations in AlGaAs, GaAs and InGaAs layers. Along with the I beam change, the magnitudes of these CL peaks change as well ( Fig. 3(b) ), while their wavelengths shift negligible even at high I beam . An analysis of the results shown in Fig. 3 (b) reveals that the relationship between the CL intensity I beam is highly dependent on the existence of a strong electric field in the region or layer where the corresponding CL wavelength is emitted. For the peaks related to GaAs and AlGaAs layers, after reaching a certain CL quantity the further CL increase is linear with I beam . However, for the peak corresponding to the quantum well the CL increase is superlinear.
The structure of laser diode is designed to assure the recombination of carriers within the active region. For this purpose the very thin low-bandgap InGaAs layer is sandwiched between two high-bandgap layers in the middle of the p-n junction. Simultaneously, a strong electric field exists within the p-n junction. Therefore, when the diode is excited by the e-beam, EBIC is generated intensively in the InGaAs layer. The quantity of the separated e-h pairs depends on the electric field strength and on the width of the p-n junction depletion region.
When I beam current generates I EBIC , I EBIC outflow is either easy (i.e. the effective resistance of all internal and external electrical circuits is small) or difficult (i.e. the effective resistance is significant or large). In the latter case, some generated carriers cannot outflow (see Fig. 1 ) and they compensate the electric field, which leads to smaller separation, smaller EBIC and higher CL. Thus, in such cases the magnitude of the related CL peak increases superlinearly with the I beam increase.
This dependence of the CL signal on the feasibility of EBIC outflow is seen in Fig. 3(c) . The three CL spectra were measured for the same structure and in the same wavelength range 600-1100 nm, but in different conditions regarding the outflow. In comparison, Fig. 3(a) shows the CL spectrum only in open-circuit conditions, when the EBIC outflow is the most difficult and CL signal is the largest.
One of the CL spectra in Fig. 3 (c) was measured in shortcircuit conditions in an external circuit. It reveals that no CL signal is measured for wavelengths related to the excitation in a quantum well. This effect means that (1) in the strong electric field of the p-n junction all e-h pairs generated by the e-beam are separated, and (2) in shortcircuit conditions all the separated e-h pairs outflow. Only if the EBIC outflow is more difficult, a CL signal can be observable, as in the case of the changeable resistance with intermediate value included in the external circuit or in open-circuit conditions. Thus, a wrong conclusion from CL investigations may be drawn due to non-local effects when the observable local CL values are low. Such a region may be misinterpreted as a region of defects and high nonradiative recombination. In fact, it can be a region without strong defects, but with an easy outflow of EBIC to either an external circuit or a site of a locally increased forward current of the p-n junction. Next, when the distance between the scanned e-beam and the defected site enlarges, the enhancement of detected CL may be misinterpreted as less affected by the local defectivity.
The dependence of the CL measurement results on external resistances, especially when an e-beam is placed outside the mesa, is an evident proof of an impact of nonlocal effects. Moreover, because the total resistance depends on resistances in external and internal circuits, the CL changes due to the presence of various external resistances are analogous to the changes in the presence of various shorts and defects within the structure. A low resistance of a shortcircuit in the first approximation is analogous to a shunt, while intermediate values of external resistances are analogous e.g. to defects in a p-n junction linked with an excitation region by lateral conductive paths of layers. These lateral resistances depend on their sheet resistance and width, and on the distance between the e-beam and the site. The p-type cladding above the junction, if being etched to form thin lateral confinements, constitutes much higher lateral resistance to each place where a local EBIC component flows through the junction than the resistance of a lateral path below the junction. Therefore, while open-circuit conditions lead to an impact on CL of the defects present in the internal circuit, the changeable resistance in the external circuit additionally quenches CL (in comparison to the open-circuit case) as if an additional defect was present somewhere in the internal circuit. In cases when the lateral resistance of conductive paths (whose resistance is usually linear) is the main component of the total resistance of circuits, the EBIC outflow is proportional to the forward bias. However, in these cases the bias decreases along paths, i.e. with the increasing distance from the e-beam. When the forward bias, which is applied to a p-n junction decreases, the non-linear resistance of this junction increases. Therefore, beyond a certain distance to an e-beam, it is the junction resistance that limits the EBIC flow, not the resistance of lateral path towards the site. Figure 3 (c) shows additionally that magnitudes of CL peaks are often negligible at the low I beam and become distinguishable from the background CL noise only at a higher I beam . This phenomenon also may depend strongly on non-local effects, because in an adequately low I beam range the non-linear resistance of junctions is high comparatively to the lateral resistances of layers. Thus, all the junction sites are equally accessible and EBIC flows practically all over the structure, regardless of the structure size. Then each junction current, especially at shunts or defects in the structure, affects and quenches the CL signal.
Another wrong conclusion may occur at range of even bigger I beam values, i.e. when CL signal is already observable. Because in each site of structure the detected CL is affected by the current flow all over the structure, therefore no CL contrast can be revealed between the truly locally defected areas and any other point of the structure. On the contrary, for high I beam (i.e. high I EBIC ) values the junction resistance decreases. Lateral resistances between e-beam and remote defects become dominant, therefore distant shunts or defects much less affect CL (as if effective area of the investigated structure being diminished) and the contrast due to local defectivity becomes visible.
As explained above, an impact of resistances on CL may easily occur even for the structures without an external circuit or metallization, especially at room temperature, when forward currents of a p-n junction diode are larger than at low temperatures. But even the cooling of specimens to low temperatures with use of liquid nitrogen or helium cannot be treated as a general solution to the above problems at CL measurements. When any shunts are present within an investigated structure (e.g. due to poor metallization or contacts or the presence of so called oval defects) they are still highly conductive even at low temperatures. On the contrary, even in these cases an increase in I beam value may prevent the quenching of the CL-signal.
To sum up, the I EBIC current flow decreases the CL intensity. This current may outflow through ohmic contacts into an external circuit or may flow through the internal shorts/loops of the structure. In the latter case, such a flow through the junction can be spatially nonuniform, with the most of the current flowing from the top of the structure to the bottom in one or several specific leakage points.
The superlinear increase of CL with I beam , as seen in Fig. 3(b) for the peak related to the quantum well, can be related to two factors. Firstly, it is shown in Fig. 1 that at sufficient I beam , I EBIC increases sublinearly with the increasing I beam , leading to the superlinear increase of CL. Secondly, the I beam increase -when lateral resistances become dominant-leads to the above described narrowing of an effective area responsible for the CL quenching, i.e. to the lowering of the defects quantity strongly affecting CL. It gives the additional reason for the superlinear CL increase.
To confirm that both the above-mentioned reasons of superlinear CL enhancement are independent, CL was measured also on structures with the p-type AlGaAs claddings entirely removed (by deep etching) outside the mesa region. Only the first reason superlinear CL increase occurs then, because for such structures the quantity of defects affecting CL is independent of I beam . Namely, the EBIC outflow into lateral confinements is absent, while the outflow into the mesa region occurs along the low resistivity p þ sub-contact cap layer and metallization, i.e. the lateral resistance in this region is so low that the second reason vanishes.
But the first reason alone still causes the superlinear increase of CL peak, which corresponds to the InGaAs quantum well, with the increasing I beam (Figs. 4(a), (b) ). Figure 4 (a) shows the CL spectrum measured for a wider range of I beam values than in Fig. 3 . Figure 4 (b) presents the dependence of the CL peak magnitudes on I beam . In that case for higher I beam values the superlinear CL increase with increasing I beam is revealed not only for the CL peak corresponding to the InGaAs quantum well but also for the peak related to GaAs layers.
Such dependence of the CL signal for GaAs layers can be also related to the EBIC generation in a strong field of the p-n junction, in which case the EBIC magnitude increases sublinearly with I beam . Although there is no strong field that could separate e-h pairs in thick GaAs layers at the bottom of the structure, the active region contains an InGaAs quantum well embedded between two undoped thin GaAs waveguides. The e-h pairs excited in these GaAs waveguides can be separated in a strong electric field present in the active region. Therefore, they undergo the same impacts of non-local effects as the pairs generated in the InGaAs layer.
This impact is confirmed qualitatively in Fig. 4 (c) in the cases of an open-circuit, a short-circuit and with an additional resistance in an external circuit. For high I beam values the short-circuit conditions not only entirely remove the InGaAs-related CL peak but also partially diminish the GaAs-related peak. It is diminished also at measurements with an additional resistance in the external circuit. Thus, defects and shunts impact CL also for the GaAs-related peak at this I beam range. As in the case of the e-h pairs generated in InGaAs, also these generated in the GaAs waveguides give a component of the CL signal, which diminishes to zero in short-circuit conditions. The rest of the CL signal at the wavelength equal to 870 nm, i.e. the part, which is not removed in short-circuit conditions, shows the linear dependence on I beam . It confirms that two CL components from GaAs layers exist. One component is present for all I beam and therefore can be related to thick GaAs layers, in which e-h pairs are not separated due to an electric field. The second CL component originates from much thinner layers than the first one, therefore it is invisible at a lower I beam . However, because this component strongly increases with I beam , it becomes clearly visible in the range of high I beam .
The ratio of both CL components, the first related respectively to doped thick GaAs bottom layers and the second -to thin undoped GaAs waveguides, depends also on the e-beam energy. Therefore, under other conditions (as well as for another sample), the ratio of the both CL components may be different, thus the superlinear increase of CL may be revealed for the GaAs-related peak even at a much lower I beam . Figure 4 (b) shows that CL peak magnitudes for the InGaAs-related peak measured for a wider range of I beam values than in Fig. 3 become linearly increasing with large values of I beam . It is caused by the fact that I EBIC at such large I beam becomes almost constant (see Fig. 1 ). Thus the above mentioned first reason of the superlinear CL enhancement disappears, while the second reason vanishes in this type of structure, as it was explained above.
Conclusions
It is commonly recognized that the CL signal represents the local properties of the structure region excited by the electron beam. However, the present investigations show that in the structures with strong electric field (e.g. p-n junction) the CL signal may much depend on phenomena far from the excitation region. As it was described, in this case the CL results depend on the value of e-beam current, the resistance distribution within the structure and the external resistance connected to the structure. Therefore, the range of CL-results distortion extends from negligible changes to completely wrong output. In order to estimate the distortion and take it into consideration when analysing CL results, various values of e-beam current should be applied in CL measurements.
